In recent years, several genome-wide association studies have identified candidate regions for genetic susceptibility in major mood disorders. Most notable are regions in a locus in chromosome 3p21, encompassing the genes NEK4-ITIH1-ITIH3-ITIH4. Three of these genes represent heavy chains of the composite protein inter-α-inhibitor (IαI). In order to further establish associations of these genes with mood disorders, we evaluated behavioral phenotypes in mice deficient in either Ambp/bikunin, which is necessary for functional ITIH1 and ITIH3 complexes, or in Itih4, the gene encoding the heavy chain Itih4. We found that loss of Itih4 had no effect on the behaviors tested, but loss of Ambp/bikunin led to increased anxiety-like behavior in the light/dark and open field tests and reduced exploratory activity in the elevated plus maze, light/dark preference and open field tests. Ambp/bikunin knockout mice also exhibited a sex-dependent exaggeration of acoustic startle responses, alterations in social approach during a three-chamber choice test, and an elevated fear conditioning response. These results provide experimental support for the role of ITIH1/ITIH3 in the development of mood disorders.
| INTRODUCTION
Major mood disorders have a lifetime prevalence of up to 20%, causing significant morbidity 1 and disability. 2 Clinical presentation characteristics of these disorders suggest that they are highly heritable traits; however, until recently there was scant concrete evidence for genetic susceptibility factors. In the last few years, several gene-wide association (GWA) studies have provided information on candidate genes that may predispose one to bipolar disorder and/or schizophrenia. Initial findings, that were subsequently replicated, suggested a candidate locus in chromosome 3p21, a region encompassing the genes NEK4-ITIH1-ITIH3-ITIH4. [3] [4] [5] [6] Inter-α-trypsin-inhibitor (ITIH)1, ITIH3 and ITIH4 are members of the inter-α-inhibitor family, which has matrix stabilizing and anti-inflammatory properties. 7 Inter-α-inhibitor heavy chains ITIH1 and ITIH3 exist only in a complex with the light chain protein bikunin, which confers the trypsin-inhibitory activity that gives the protein its name. In humans, the heavy chain-light chain stoichiometry is either 2:1 (classic inter-α-inhibitor protein, comprised of ITIH1, ITIH2 and bikunin, MW 250 kDa) or 1:1 (pre-α-inhibitor protein, comprised of ITIH3 and bikunin, MW 125 kDa). ITIH4 lacks the binding site for bikunin and is found as an isolated heavy chain in serum. The liver is the major G. Jean Harry and Stavros Garantziotis contributed equally as senior authors to this study.
expression site for IαI, pre-αI or ITIH4, and secretes fairly high concentrations (100-500 μg/mL) of proteins to the serum in healthy subjects. 7 However, heavy chain and bikunin expression occurs in many organs, including the brain. [8] [9] [10] [11] Interestingly, ITIH3 and ITIH4 were identified as acute phase markers in cerebral ischemia. 12, 13 Recent work also highlighted salutary effects of IαI in neurological recovery after brain injury. 14, 15 The involvement of IαI and its heavy chains in brain injury and repair suggests a possible role in maintaining normal homeostatic balance and that genetic polymorphisms in these proteins may contribute to the risk of neuropsychiatric disorders.
In this study, we investigated potential functional effects of candidate genes ITIH1-ITIH3-ITIH4 on rodent behavior. Because (to our knowledge) there are no Itih1 or Itih3 deficient mice, we started by contrasting IαI heavy chains ITIH1 and ITIH3 to ITIH4. We achieved this by examining the behavior of Ambp (Alpha-1-microglobulin/bikunin precursor) knockout (KO) mice, which lack the bikunin light chain.
Because this light chain is necessary for the assembly of the mature IαI and pre-αI protein, these mice are globally IαI-deficient, 16 and ITIH1/ITIH3 should have no function, even though they are still expressed. However, these mice still have a functional ITIH4, since ITIH4 does not form a complex with bikunin. We compared these mice to Itih4 KO mice, which have functional IαI and pre-αI (ie, functional ITIH1/ITIH3) proteins but are deficient in ITIH4. We found that genetic deficiency in Ambp (ie, functional deficiency in IαI and pre-αI which contain ITIH1 and ITIH3) was associated with a reduction in exploratory behavior and social novelty preference, elevated freezing behavior in both cued and contextual fear conditioning, and an exaggerated startle response seen only in females. In contrast, ITIH4 deficiency did not have an appreciable effect on mouse behaviors tested.
Our results support a role for ITIH1 and/or ITIH3 (as opposed to ITIH4) in the development of mood disorders.
| MATERIALS AND METHODS

| Animals
Generation of the Ambp and ITIH4 wild-type (WT) and KO mice was conducted as described. 16, 17 Mice had been backcrossed to C57BL/6J
(Jackson Laboratories, Bar Harbor, Maine) for more than 10 generations and were derived from heterozygous (HET) × HET pairings at NIEHS. At weaning, mice were genotyped, ear-punched for identification, and those randomly selected for behavioral testing were group housed by sex. 
| Rotarod
Balance and motor coordination were assessed on an accelerating (3-30 rpm) rotarod (Ugo-Basile, Stoelting Co., Wood Dale, Illinois).
Mice were given three consecutive trials with a 5-minute maximum per trial, and with a 45 seconds ITI. Forty-eight hours later, mice received two additional trials. Latency to fall was recorded.
| Sociability and preference for social novelty
Social approach was assessed using a three-chambered Plexiglas Context-dependent learning was evaluated 24-hour later in the original test chamber. At NIEHS the latency to first freezing event and duration of freezing were recorded over a 3-minute session by two independent observers. At UNC, the % time immobile across a 5-minute session was determined by automated tracking system.
Associative learning was assessed 4-hour later at NIEHS, or at 24-hour later at UNC using a modified chamber (solid floor, chamber shape and texture, novel vanilla odor). During a 2-minute exploratory activity interval, levels of freezing were recorded. Associated cues were delivered for 3-minute and the levels of freezing recorded. At Animals were semi-randomly assigned to order of injection and balanced across genotype and home cage. After a 1-week drug clearance interval, the vehicle or drug delivery was reversed.
| Statistical analysis
Data obtained from NIEHS cohorts were tested for homogeneity of variance using Levene's tests and for non-normality using Shapiro-Wilk 
| Startle and PPI
No significant differences were observed in acoustic startle response or startle habituation in Ambp KO, compared to WT ( Figure 1E) . A significant difference in PPI was observed across pre-pulse startle intensities with no statistically significant difference observed across genotypes ( Figure 1F ). No differences were seen between Itih4 KO and WT ( Figure 2E,F) .
| Fear conditioning
In both contextual and cued fear conditioning assessments, no difference was observed between Ambp KO and WT mice for latency to first freeze event ( Figure 1G ). In cued fear conditioning, the percent time freezing ( Figure 1H ) was significantly longer in Ambp KO mice by 
| Forced swim
No significant differences were observed between Ambp KO or Itih4
KO and respective WT in latency to first immobility event ( Figure 1J ; Figure 2J ) or duration of immobility ( Figure 1K ; Figure 2K ). This find- 
| Open-field activity
Ambp KO mice showed less distance traveled as compared to WT mice during the first 5 minutes of the first session (genotype × time:
F 11,308 = 1.84, P = 0.047; Figure 3A ) and second session (genotype:
F 1,28 = 4.53, P = 0.042; Figure 3B ). In line with the lower levels of locomotor activity, distance traveled in the center of the arena was 
| Rotarod test
During the initial learning in the rotarod task, the Ambp KO mice had shorter latencies to fall than WT ( Figure 3E ). A RM-ANOVA indicated a significant main effect of genotype (F 1,28 = 5.61, P = 0.025) and genotype × trial interaction (F 2,56 = 3.31, P = 0.043) on the first day that were no longer present in the second test, suggestive of a selective effect on acquisition but not general motor ability.
| Social approach
All mice showed a significant preference for spending time in proximity to the stranger mouse vs the empty cage (F 1,28 = 94.66, P < 0.0001); however, Ambp KO mice spent longer time in proximity to the stranger mouse, in contrast to WT (F 1,28 = 6.34, P = 0.0178; Figure 3F ). In the social novelty test, Ambp KO mice showed less shift in preference to the newly introduced second stranger, in contrast to WT mice (F 1,28 = 9.13, P = 0.0053; Figure 3G ). As an index of exploratory activity, Ambp KO mice made significantly fewer entries into the empty cage side than WT mice (F 1,28 = 9.48, P = 0.0046). Ambp KO mice demonstrated a preference for entries into the stranger side, vs the empty-cage side (F 1,28 = 12.1, P = 0.0017) that was not observed in WT mice ( Figure 3H ). No differences were observed in in number of entries during the test for social novelty preference ( Figure 3I ).
| Marble-burying assay
No significant differences were observed between Ambp KO and WT mice in the number of marbles buried over the test session (F 1,28 = 3.82, P = 0.061). The means (AESEM) of number of buried marbles for each group were 17 AE 0.5 for WT, and 15 AE 1.0 for Ambp KO mice.
| Acoustic Startle and PPI
An initial RM ANOVA of startle response amplitude revealed significant genotype × decibel level interactions for both the first test (F 6,156 = 2.52, P = 0.0237; Figure 4A ,B) and the second test (F 6,156 = 3.08, P = 0.0071) (Figure 4C,D) . Significant genotype × sex interactions were found for both tests (test 1, F 6,156 = 5.12, 
| Fear conditioning
No significant differences were observed between Ambp KO and WT mice in the first context-dependent and cue-dependent tests ( Figure 5A-C) and retention trial.
| Amphetamine challenge
Ambp KO and WT mice displayed similar levels of motor activity in an open field following d-amphetamine (2.0 mg/kg) injection ( Figure 5D ,E).
| DISCUSSION
Research into the possible genetic causes of major mood disorders is still in its early stages. A broad-scale GWA study identified a polymorphism of ITIH3 as a risk allele for several psychiatric conditions. 21 Other genetic analyses have found associations between the locus for ITIH1/3/4 and schizophrenia, bipolar disorder and depression. 3, 4, 22, 23 It is important to differentiate which ITI heavy chain is involved in the pathogenesis of mood disorders, because they are not interchangeable-on the contrary, they have distinct associations and functions. In humans, ITIH1 is linked with ITIH2 (another heavy chain, encoded on a different locus) and the light chain bikunin, and forms the 250 kDa protein IαI; ITIH3 just binds bikunin and forms the 125 kDa protein pre-αI; while ITIH4 does not associate with bikunin at all, and instead exists as an isolated protein. This leads to different activities in health and disease. For example, only IαI/pre-αI associated proteins (ie, ITIH1 and ITIH3) would be able to bind and stabilize hyaluronan in the extracellular matrix, because bikunin is necessary for this action. 16, 24, 25 Both bikunin and the heavy chains are also necessary for complement inhibition by IαI/pre-αI. 26, 27 On the other hand, ITIH4 has been shown to regulate IL-6 expression and play a role in liver development and cancer generation, 17 something that has not been described for IαI/pre-αI.
In the present study, we found that global loss of IαI/pre-αI in mice led to specific behavioral phenotypes associated with anxietyrelated behaviors and social approach that reflect symptoms observed in psychiatric disorders. 28 These changes occurred in the absence of alterations in PPI, which is used to model the deficits in sensorimotor gating found in schizophrenia. 29 In examination of behaviors related to mood and fear (anxiety), our results showed that the targeted dis- the exploratory aspects of the behaviors was demonstrated, our data also suggested the possibility of a deficit in motor performance with lower activity levels, and decreases in rearing and rotarod performance that could have influenced the outcome on the various exploratory measures. In motor activity assessments, Ambp KO mice showed lower exploratory activity levels yet the general distribution of activity within the margin vs the center of the arena was not suggestive of an anxiety-related response to the novel open environment.
In the present study, exaggerated startle amplitudes were observed in female Ambp KO mice that were not observed in males. Increased startle responses have been observed in many human disorders related to anxiety, including posttraumatic stress disorder (PTSD), panic disorder and obsessive-compulsive disorder. [30] [31] [32] In rodent models of PTSD, exposure to foot-shock or other aversive stressors has been used to induce persistent effects on behavior related to human symptoms, including exaggerated startle responses. [33] [34] [35] Alternatively, the single observation of an exaggerated startle response in female mice likely represents a specific effect upon this reflex response rather than a reflection of an altered anxiety response. No differences were observed for PPI which has been a hallmark in animal studies for translation to human schizophrenia, suggesting that the normal sensorimotor gating associated with inhibition is not altered by the deletion of Ambp.
The strongest evidence for an anxiety-related behavioral difference was found in fear conditioning. Fear conditioning is cautiously associated with anxiety-related disorders with a meta-analysis of human studies showing a modest increase in acquisition of fear learning of single-cue paradigms. 36 The combined group of male and female mice examined at UNC did not demonstrate changes in either contextual or cued fear conditioning for duration of freezing. However, males examined at NIEHS demonstrated an increase in the duration of freezing under both cued and contextual conditions. While the assessment methods differed between automated detection of movement vs observer rating, given the larger group size for the NIEHS cohort, the more likely reason for this difference is based in the difference in behavioral testing experience of the animals. At UNC, the mice underwent a more intensive testing schedule and were older at the time of fear conditioning testing than mice tested at NIEHS which can lead to increased anxiety-like behavior in offspring. 41 Prenatal inflammation can lead to an exacerbated startle response in the adult offspring 42 without altering levels of PPI. 43 While such a pattern was observed in female Ambp KO mice, there was no evidence of an altered startle response in males. Existing literature regarding developmental inflammation does not offer a solid framework for determining potential sex differences. Social behaviors have also been demonstrated to be sensitive to developmental inflammatory status. 33, 44 In a three-chamber social approach task, Ambp KO mice displayed an increase in the duration of time spent in proximity to the stranger mouse that was interpreted as an increase in sociability, but a diminished social novelty preference. Based on reports of such increased sociability in genetic mouse models for autism spectrum disorders and schizophrenia, [45] [46] [47] [48] this phenotype has been considered as reflective of inappropriate and impulsive social contact. With regards to developmental inflammatory status, exposure of neonatal rats to the proinflammatory cytokine, IL-1α resulted in a similar increase in sociability, 49 while exposure to IL-6 did not alter sociability but did decrease social novelty. 44 The current findings suggest an impaired ability in the more complex discrimination between the first stranger and the newly introduced second stranger in the Ambp KO mice. Further, inflammatory challenges have been linked to depression-like behaviors 50, 51 and supersensitivity to effects of dopamine agonists. 52, 53 However, in the present study, no differences were observed in the forced-swim test or in sensitivity to amphetamine between the WT and Ambp KO mice.
The functional effects of IαI/preαI may also extend beyond inflammation. As mentioned earlier, these proteins are found in the brain, 9 form complexes with the glycosaminoglycan (GAG) hyaluronan and stabilize the hyaluronan extracellular matrix. GAG and proteoglycan (PG) metabolism plays an important role in brain development, and disorders of PG/GAG metabolism have been associated with brain and mental health problems, including schizophrenia and bipolar disorder. 54 Overt hyaluronan deficiency causes a reduction in the brain extracellular space, affects neuronal activity and is associated with seizures. 55 It is possible that more subtle changes may be caused by IαI/preαI deficiency and lead to the observed behavioral changes. It should also be pointed out that Ambp KO mice still retain the capacity to express ITIH1 and ITIH3. Although these heavy chains do not have a known function outside the IαI/preαI composite protein, it is possible that they retain some part of their functions even in the absence 
